INTRODUCTION
Legal regulations in the EU require the evaluation of mental workload which calls for suitable and practical methods for the assessment of mental workload at the workplace (Nachreiner, 1999) . Currently the 0.1 Hz component of heartrate variability (HRV) is considered an attractive and promising measure of mental strain (O'Donnell & Eggemeier, 1986; . Recently this measure has been used for analyzing mental workload in practical situations, sometimes, however, without any consideration of its psychometric properties (e.g. Izsó & Wiethoff, 1997) . However, systematic and comprehensive studies investigating the psychometric properties of this measure are still missing. Based on a closer inspection of the relevant literature and recent research experiences, some doubts about the validity of this measure have been raised (Eilers, 1999; Nachreiner et al., 1999; Nickel et al., 1998; Manzey, 1998; Paas et al., 1994; Veltman & Gaillard, 1996; Wilson, 1992) .
Two important psychometric properties in the evaluation of the usefulness of measurement procedures are sensitivity and diagnosticity (Wierwille & Eggemeier, 1993) . Sensitivity refers to the degree to which a given measure can distinguish differences in levels of load imposed on an operator. Diagnosticity refers to the capacity of a measure to discriminate among different types of load. For example, an important characteristic is the ability of a measure to differentiate among various sensory, perceptual, cognitive and psychomotor aspects of human performance. The concept as used in workload research has been attributed to multiple resource theory (e.g. Wickens, 1984) .
Expectations regarding the sensitivity of HRV were based on the assumptions that different working conditions affect the efficiency of mental performance, that there is a positive relationship between task complexiety/ difficulty and expenditure of cognitive capacity, and that increased expenditure of cognitive capacity will be accompanied by physiological changes and feelings of effort reflected in this indicator. Some techniques appear to be global sensitiv only, which refers to an index of variations in load across a variety of operator information processing functions.
In the present study the problem of psychometric properties of the 0.1 Hz component of HRV as an indicator of mental strain has been addressed experimentally: If the 0.1 component of HRV is a valid measure of mental strain it should discriminate between mental load produced by different types of tasks (diagnosticity) and different levels of difficulty (sensitivity), e.g. as induced by the (sub)tasks of the AGARDStandardized Tests for Research with Environmental Stressors (STRES) (AGARD, 1989 (AGARD, , 1991 .
METHOD

Participants
Sixteen right-handed subjects participated in this study. Two subjects had to be excluded from the analysis; one took part on one of the experimental sessions only and the other showed an unusual and continuously high variability of interbeat intervals (IBI) (+/-300 ms). The mean age of the remaining fourteen subjects (7 male / 7 female) was 27 years (sd = 5). Subjects were students and employees from different departments of the University of Oldenburg. All subjects reported normal or corrected to normal visual acuity, no suffering from any disease and no consumption of any medicine that could have effected the psychophysiolgical or performance data. The subjects took part voluntarily and because of their interest in the present research.
Testing Environment/ Apparatus
The experimental sessions were organized in the sound insulated and climatically controlled room (7.5m x 5m x 2.4m) (IAC Inc.). The climatic conditions were approx. 24° C dry temperature, 50% humidity, and ≤0.1 m/s air velocity. The experimenter and the subject were separated by a movable wall. In order to control and to monitor the experimental sessions the experimenter used three monitors: (1) split image of the subject's monitor, (2) display of performance data, (3) online monitoring of psychophysiological raw and preproces-sed data, marking channel and channel for session/ task codings. All psychophysiological performance data were recorded on a PC (PII233MHz), which was connected to monitors (1) and (2). The experimental tasks of the AGARD-STRES were generated on a second PC (PII233MHz), using a commercially available generating system (ERTS; Beringer, 1996) . This PC was also used for recording and monitoring of the above mentioned performance data.
The experimental tasks were presented on a 21" monitor placed at 60 cm distance in front of the subject. A special standardized keyboard and a joystick (according to AGARD (1989) ) were placed in front and on right hand side of the subject respectively in order to control instruction pages and for responding.
Electrocardiographic (ECG) signals were collected by Ag/AgCl electrodes. The QRS-complex was recognized by a level and steepness detector (Schilling, 1998) and stored as a real time event (in milliseconds) in the raw data file. The ECG signal, HR, and the spectral energy of the HRV, which was calculated over 128 s, were continuously displayed on the monitor.
Respiration data, which will not be addressed here, were collected via a thermistor clipped to the subject's nose and detecting temperature changes of inhaled and exhaled air.
Experimental Tasks
The AGARD test-battery includes different reaction time tasks (basic, coded, time uncertainty, double, inversion, basic), mathematical processing, Sternberg memory-search (2 levels), spatial processing, unstable tracking, grammatical reasoning and dual-tasks consisting of unstable tracking with concurrent memory-search (2 levels), differing in task requirements and level of difficulty (for a detailed description see AGARD (1989) ).
All 14 tasks were presented according to AGARD (1989) and Salamé (1993) , except for presentation time. All tasks were presented for five minutes each. A restitution period of five minutes was given after each task.
All instructions were presented in the english language. The subjects were instructed to perform the tasks as fast as possible but also to avoid errors.
Performance Measures and Subjective Ratings
Response times and errors were recorded as performance measures for each single probe item of the STRES, except for the unstable tracking task, where performance was quantified by calculating the root-mean-square tracking error integrated over blocks of 1 s. All performance data were averaged across each 5 min trial and z-standardized over tasks of a single session. A combination of z-transformed response times and error rate was used as an additional performance index.
A paper-pencil-version of the ZEIS (Pitrella, 1998) was used for the assessment of perceived task difficulty. This 'twolevel sequential judgement scale' was used in the 15-point version with some slight modifications in the general descriptor at the first level. Subjects, after completing each task, had to report on this scale the amount of perceived difficulty for each task in the required two step procedure. The numerical values and labels assigned to the categories ranged from '0' ('very difficult') to '14' ('very easy'). This rating was converted to a percentage of perceived difficulty and z-standardized over tasks.
Psychophysiological Measures
The electrocardiogram (ECG) and respiration (RESP) were digitally recorded with the Labview PC-Software (National Instruments Inc.). The sample rate for these two channels were 1000 Hz and 10 Hz respectively. Detecting and preprocessing of signals as well as spectral analysis and calculation of mean values were done by different Labview VIs (Schilling, 1998) adapted to the procedures used by Mulder et al. (1995) .
HR events from the ECG were detected automatically. Artifacts were corrected manually after visual inspection of the data. The IBIs were calculated from these prescreened events and a spectral analysis was then conducted for these IBIs, calculating the spectral energy in the midfrequency band (0.07 Hz -0.14 Hz) within 128 s windows that were shifted by 1 s steps. Thus, spectral densities were available for each 1 s interval, but with 99% overlap with the adjacent values. The spectral values were divided by the means in the 128 s window to make the variability statistically independent of the mean IBI. In order to get one representative value for each period of the experimental sessions, the mean of the 0.1 Hz component for pure intervals only (128 s of pure work or pure rest) was calculated and z-transformed over periods of a single session for each subject.
Procedure
Subjects participated for two sessions on subsequent days (same daytime), lasting about 3.5 h each. After fixing the electrodes the subjects were seated in a comfortable chair in the laboratory. First, they were asked to fill out a general questionnaire about demographic data, health, visual acuity and physical fitness. In order to familiarize the subjects with the experimental environment a 10 min break period was given first, when the subjects were asked to relax while sitting quietly in their chair. All further information about the experimental session was given via the monitor, however, the subjects were given the opportunity to ask questions and clarify their understanding of the task. The tasks were then presented in the standardized order (AGARD, 1989) with a rest break of five min between tasks, where subjects were asked to relax while sitting quietly in their chair. Before the start of a task they were given the opportunity to perform a brief orientation trial of the task, usually lasting not more than approximately one minute. Psychophysiolgical data was recorded continuously for the whole experimental session. Performance data was recorded simultaneously during task performance. Subjective ratings on the ZEIS-scale were required after completion of each task.
Data Analysis
Physiological measures were obtained for the following 29 periods: the break before the STRES (10 min), the 14 task periods of STRES (five min each), and the 14 rest periods (five min each) after each task. Performace and subjective rating measures were obtained for the 14 task periods of the STRES only.
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GLM ANOVAs (repeated measures designs) using the software package SPSS (SPSS Inc.) were conducted. The first analysis with the z-transformed 0.1 Hz component of HRV as the dependent variable had three within factors: session (first / second), level of workload (task / rest) and periods (14 task / rest periods). Differences between the 14 work periods were tested by the Tukey HSD test. The analyses for the performance and the perceived difficulty index (both z-transformed) as dependent variable had two within factors: session (first / second) and periods (14 task periods).
RESULTS AND DISCUSSION
Hz component of HRV
A graphical representation of the analysis of the 0.1 Hz component of HRV (aggregated over all subjects and both sessions) is shown in figure 1 . As expected, the indicator (inverted for compatibility reasons, i.e. higher values indicate higher strain) clearly indicates a higher level of mental strain for work periods (dark bars) and lower levels for rest periods (light bars). However, for the grammatical reasoning task (GR) the 0.1 Hz component indicates a level of mental strain comparable to rest periods. This result is most unexpected because the analysis of the perceived difficulty indicates the highest subjective difficulty accompanied by the lowest performance (see fig. 2 ) for this task.
Hz component of HRV during work and rest periods
(z-transformed, aggregated and inverted for subjects and sessions)
work and rest periods Figure 2 displays a graphic representation of the perceived difficulty (black line) and the performance (grey line). Perceived difficulty was highest for the grammatical reasoning (GR), high for the dual tasks (DU2, DU4), the spatial processing (SP) and the inverted reaction time task (RTi). In comparison to these all other tasks were rated as easier.
Perceived Difficulty and Performance
The analysis of the performance data shows comparable results. For the grammatical reasoning, the spatial processing, and the inverted reaction time task a lower performance index has been found than for all the other tasks (see Fig. 2 ).
Statistical Analysis
There was no difference in the energy in the mid band of the frequency spectrum between the sessions. Thus, the results for both sessions seem to show a high stability of the measures and there is no evidence that the repetition of the session influenced the results for the 0.1 Hz component significantly.
There was, however, a main effect for level of workload (F(1,13) = 56.5, p < .001) which would support the statement: the 0.1 component of HRV is sensitive to discriminate between mental work and rest. On the other hand, the results show a lack of detailed sensitivity because of theoretically inconsistent findings for comparable tasks of different levels (e.g. dual tasks: DU2, DU4; see fig. 1 ), where lower strain for the more difficult version of the same task would be indicated.
With regard to possible differences between work/ rest combinations, the main effect for periods was significant (F(13,169) = 2.6, p < .01), indicating that there are individual or groups of work/ rest combinations which differ from each other. There was also an interaction for the work/ rest with the periods factor (F(13,169) = 2.7, p < .01), indicating that there are differences between periods at work (or rest) in the energy in the midfreqency band. No further significant effects were found.
To obtain more detailed information on these differences between the 14 task periods Tukey HSD-tests were performed, showing that the energy in the mid band for the grammatical reasoning task only was significantly different from all other task periods. As shown in figure 1 the values of the 0.1 Hz component for the grammatical reasoning task would indicate a low level of mental strain. In contrast, however, both the results for the performance and the perceived difficulty indicate high task difficulty or workload.
Because of the duration of the experimental sessions one could expect a potential trend within the 3.5 h sessions e.g. an increase in mental strain over time. However, the results did not show any evidence for such an effect of time into session or sequence of sucessive periods. It can be assumed therefore, that the rest periods seem to compensate both, the specific task load as well as the load over time. Thus, a confounding of sequence effects of task presentation with an effect of load by time on task seems not reasonable.
Thus evidence for the diagnosticity of the 0.1 Hz component of HRV as an indicator of mental strain, i.e. the ability to discriminate different types of task load, is shown in the results for the grammatical reasoning task only. Unfortunately, the results are inconsistent both regarding the perceived difficulty and the performance index. No covariation has been found for the midfrequency band of HRV with both measures. Thus there is no support for the diagnosticity of the 0.1 Hz component of HRV as an indicator of mental strain.
SUMMARY AND CONCLUSIONS
Our results show that the sensitivity of the 0.1 Hz component seems to be low. The 0.1 Hz component of HRV was only sensitive to relatively large differences in mental load, that is, to differentiate between periods of mental activity (tasks) and mentally less active periods (rest periods). The indicator seems to be insensitive to differences in mental load resulting from different tasks difficulty. For example the obtained differences in duals task performance and rated difficulty were not reflected in the spectral energy in the midfrequency band. These results are consistent with a statement of Aasman et al. (1987) and conclusions by Eilers (1999) that there is much within variability in the signal, which is one of the sources of its relative insensitivity to (small) differences in processing load between tasks.
With regard to the diagnosticity of the midfrequency band of HRV, there is no support at all for any diagnosticity in our data. The tasks clearly differ in task requirements, which are, however, not reflected in the HRV. The only exception to the rule points into an inconsitent direction.
Comparing psychophysiological, performance, and subjective data the results are not in agreement with hypotheses that can be generated from the relevant theoretical framework (e.g. multiple resources theory; Wickens, 1984) . According to our findings the results for the psychophysiolgical data cannot be interpreted as support for an acceptable sensitivity and diagnosticity of the 0.1 component of HRV as a measure of mental strain. However, there is some evidence that the 0.1 component of HRV might rather indicate emotional strain (stress reactions) or general activation instead of indicating different types and degrees of mental strain. Based on its sensitivity and diagnosticity, this cardiovascular indicator does not meet conventional requirements to be used in mental and especially cognitive workload evaluation, and particularly not for practical purposes, where some occupational risks may be at stake.
